AUTHOR SUMMARY
Forest fires in the western United States have been increasing in extent for several decades, prompting much research into the causes and consequences of such changes. The overall level of fire activity in a given place is governed by processes relating to climate, people, and vegetation that operate over decades and centuries; yet, most fire research is based on much shorter time scales. Given that future climate change is expected to drive fire activity well above its historical range of variability, a long-term perspective provides essential context to current changes. We use sedimentary charcoal accumulation rates to construct baseline levels of burning for the past 3,000 y in the American West; we then compare this record to independent fire-history data obtained from historical records and fire scars. We also create a statistical model, based only on independent temperature and drought reconstructions, that predicts 85% of the variability in biomass burnt (thought to reflect area burnt) prior to the 1800s, before human and ecological influences became dominant. Large shifts in biomass burning since the 1800s are not unprecedented, but their causes and effects differ greatly from climate-driven shifts in the past. Fire regimes are currently in disequilibrium with the climate, due to the opposing forces of fire exclusion practices (e.g., grazing and fire suppression) and global warming; consequently, a large "fire deficit" exists.
Climate is generally considered to be the primary control of contemporary fire regimes in the western United States (1) . Climate influences fire primarily through variations in temperature and precipitation (and thus available moisture). Increasing temperature leads to more fires; however, this is only true if sufficient vegetation is present to support the spread of fire. Precipitation is also linked to fire-there must be sufficient moisture to support continuous vegetation on the landscape, but not so much that fuels never become dry enough to burn.
Anthropogenic impacts on fire occur against the backdrop of climate variability. There have been marked human influences on western wildfires since EuroAmerican settlement, including increased ignitions (e.g., from forest clearance, agriculture, logging, and railroads), and fire exclusion (e.g., from landscape fragmentation, grazing, and suppression). Other significant impacts on vegetation and fire occurred indirectly, such as changes in plant succession pathways (e.g., when shrublands previously maintained by frequent fire converted to forest after fires were regularly excluded) and the introduction of nonnative species. Indigenous fire use prior to settlement varied in intensity, extent, and persistence, and probably varied with season, migration, and cultural and technological developments.
To assess the relative importance of climate and humans in burning over recent millennia, we reconstruct fire history from three independent sources, specifically, historical, fire-scar, and charcoal data. We then compare the results to data on climate and population. We also construct a statistical model to determine the extent to which climate alone can predict biomass burning. The historical data were obtained from the United States Department of Agriculture Forest Service estimates of the extent, use, and destruction of original saw timber (i.e., trees older than 50 y in 1630 CE) from 1630 to 1940 CE (2) . Firescar data (n ¼ 359) were obtained from the International Multiproxy Paleofire Database, which provides annually resolved data on fires from around 1400 CE to present (primarily from dry interior ponderosa pine forests). We estimate temporal trends in fire by using the proportion of site records with scars for each year. Sedimentary charcoal accumulation rates from 69 records are used to identify decadal-to centennial-scale trends in biomass burning over the past three millennia, and a subset (n ¼ 41) of records are further analyzed to reconstruct fire-episode frequency over this interval. Temperature, drought, and population changes are used to understand the changes in forest fire activity, while temperature and drought are used in a statistical regression model (Generalized Additive Model or GAM) to explain the variability in biomass burning during the past 1,500 y.
Climate Controls Fire Until the Beginning of Euro-American Settlement of the West. A statistical model, calibrated using data from 500 to 1800 CE, predicts multidecadal-to-centennial changes in biomass burning from temperature and drought area indices. Climate explains most of the multidecadal-to century-scale variations of biomass burning. Temperature alone accounts for half of the total variance of biomass burning, while drought area explains about 1∕3 of overall variance. Downward trends were recorded for temperature, drought, biomass burning, fire frequency (see full text), and predicted biomass burning during the past two millennia until the Settlement Era (Fig. P1 A-E). In contrast, the human population gradually increased until ca. 500 y ago, when Native American populations began to collapse after European contact (Fig. P1F ). The population began to recover around 350 y ago, and then rose dramatically since settlement. Biomass burning was high when climate changed rapidly at the beginning of the Medieval Climate Anomaly (MCA), which was around 1000 CE when both temperature and drought were also high. Fire activity was high again at the onset of the Little Ice Age (LIA), around 1400 CE, when drought was high. However, as the LIA progressed, biomass burning declined substantially, which coincided with large declines in temperature, drought, and population ( Fig. P1 A, D and E) .
The transition from the LIA into the Settlement Era is marked by a sharp increase in burning, as evidenced by historical records, fire-scar, and (observed and predicted) charcoal data. The increase in fire activity, which reached its maximum ca. 1850-1870 CE (Fig. 4C ), is consistent with increased ignitions from land clearance, logging, agriculture, and railroads during settlement, and also with increasing temperature and drought, which reached a maximum between 1700 and 1900 CE (Fig. P1 A-E) . Thus, climate and humans acted synergistically to increase fire.
The 20th Century Fire Deficit in the Western United States. Observed and predicted changes in biomass burning diverge in the late 1800s, despite increasing temperature and drought (Fig. 4A) . Observed biomass burning, fire scars, charcoal-based fire frequencies, and human-caused fires decline to levels similar to the levels during the LIA. In contrast, predicted biomass burning rises from 1880 CE to present, which is consistent with increased temperature and drought. This pattern indicates that nonclimatic factors became the dominant control of fires around 1880 CE.
The decline in fires during the 20th century may be explained by multiple factors. In the late 1800s, widespread domestic livestock grazing reduced grassy fuel loads, compacted soils, and greatly reduced fire frequencies. By 1900 CE, the western frontier had largely closed, and intentionally set fires probably declined due to changing attitudes and policies towards fire. In addition, landscape fragmentation from trail and road building limited the spread of fire. Furthermore, after the 1940s, fire suppression became highly effective, preventing the spread of many forest fires. However, ecological factors also played a role, as the number of young stands and aspen stands, which are resistant to burning, increased after logging and previous extensive burning.
Consequently, a fire deficit now exists and has been growing throughout the 20th century, pushing fire regimes into disequilibrium with climate. Hence, while current levels of large-scale biomass burning (1) remain within the realm of natural variability during the past 1,000 y, if levels of burning were to come into equilibrium with climate, they would exceed the natural range of variability experienced in at least the last 3,000 y.
Three independent fire-history reconstructions for the western United States show that there have been large changes in wildfires since the 1800s. In earlier periods, changes of this scale were driven by climate; in the past 200 y, human behavior has played a much larger role. Fire suppression practices have greatly reduced fire, whereas global warming has increased the probability of fire. A widening gap, or fire deficit, therefore exists between actual levels of burning and expected levels of burning given current climate conditions. Recent increases in catastrophic wildfires in the West are an indication of this deficit, and suggest that current fire suppression practices are unsustainable. Fires are projected to increase even further in coming decades, and may require reevaluation of fire management policies and potential investment of additional resources.
Understanding the causes and consequences of wildfires in forests of the western United States requires integrated information about fire, climate changes, and human activity on multiple temporal scales. We use sedimentary charcoal accumulation rates to construct long-term variations in fire during the past 3,000 y in the American West and compare this record to independent firehistory data from historical records and fire scars. There has been a slight decline in burning over the past 3,000 y, with the lowest levels attained during the 20th century and during the Little Ice Age (LIA, ca. 1400-1700 CE [Common Era]). Prominent peaks in forest fires occurred during the Medieval Climate Anomaly (ca. 950-1250 CE) and during the 1800s. Analysis of climate reconstructions beginning from 500 CE and population data show that temperature and drought predict changes in biomass burning up to the late 1800s CE. Since the late 1800s , human activities and the ecological effects of recent high fire activity caused a large, abrupt decline in burning similar to the LIA fire decline. Consequently, there is now a forest "fire deficit" in the western United States attributable to the combined effects of human activities, ecological, and climate changes. Large fires in the late 20th and 21st century fires have begun to address the fire deficit, but it is continuing to grow. F orest fires in the western United States have been increasing in size (1) and possibly severity (2) for several decades. The increase in fire has prompted multiple investigations into both the causes (3, 4) and consequences of this shift for communities, ecosystems, and climate (5) . Climate changes and human activities have both contributed to the observed changes in fire, but understanding the nature and magnitude of these impacts has been challenging first because there is substantial ecological heterogeneity and variability in terms of vegetation, soils, hydrology, topography, and other factors that affect fire regimes across the western United States, and second because most fire-history data come from recent decades and centuries when climate and human activities have both undergone rapid and unique transformations. As a result, studies tend to focus either on local ecological and anthropogenic factors that drive fire at fine scales (6, 7), or on climatic influences at broad scales (3, 4) . Furthermore, the limited temporal scope of many fire-history studies does not provide adequate context for examining the joint impacts of climate and human activities on broad-scale, long-term fire regime changes. In addition, projections of future climate change and its ecosystem impacts place the expected changes well outside the range of variations in the past few centuries. Thus, coupling multi-decadal-to millennial-scale data on fire, climate changes, and human activities can reveal linkages among these components that are often missed in studies restricted to finer scales or fewer factors.
Here we use sedimentary charcoal accumulation rates to construct variations in levels of burning for the past 3,000 y in the western United States (i.e., the West) and compare this record to independent fire-history data from historical records and fire scars. The long charcoal records enable identification of baseline shifts in fire regimes that cannot be detected with shorter records and allow us to view the nature and extent of human impacts on fire in a long-term context; this approach helps to distill the dominant patterns in fire activity across the West, but it does not reveal the important differences in fire controls and effects among vegetation types, ecoregions, or elevation gradients that exist at finer spatial scales (e.g., ref. 8) .
Our focus here is specifically on multi-decadal-to-centennialscale variations in fire over the past few millennia and on the West as a whole. Climatic variations on this time scale are characterized by extended periods of persistent anomalies, such as the Medieval Climate Anomaly (MCA) and Little Ice Age (LIA) (9, 10), which feature broad-scale (i.e., across the whole of the western United States) anomalies of both surface climates and atmospheric circulation (10) . We use temperature (10), drought (9) , and population (11) data to compare with the fire-history reconstructions. We also construct a simple statistical model for predicting biomass burning from the temperature and drought data. Our analysis builds on the rich historical narratives of fire in the western United States (12) as well as on many more detailed but shorter broad-scale studies (4, 13, 14) . The results illustrate the importance of climate in explaining the variations in fire over time, and show the development of a 20th century "fire deficit" related to the combined effects of fire exclusion, land-use change, and ongoing climate change.
Broad-Scale Controls on Fire
Fire regimes are primarily a product of climate, vegetation, topography, and human activities-factors that interact in a variety of ways and on a range of spatial and temporal scales. Climate influences fire at the broadest scales via the annual cycle, weather, and the distribution of vegetation (fuels). Humans have a broad influence on fire through intentional or accidental ignitions, exclusion (e.g., suppression and fuel alteration from grazing), and indirectly through climate change. Topography, winds, and the type, distribution, and structure of vegetation become more important controls on fire at regional-to-local scales. Feedbacks from fire to vegetation and climate add additional complexity to ecosystem dynamics. Increases in human-caused fires, for ex- ample, can trigger changes in the structure and composition of vegetation, which may in turn alter carbon storage and land surface characteristics that are known to affect climate (15) . Furthermore, interactions among fire and its primary controls -particularly climate and vegetation-often involve lag times that span years, decades, and even centuries (16) , making long-term data on fire-regime changes a vital component of fire research.
Despite major human influences on western U.S. wildfires since Euro-American settlement (17, 18) , climate is generally considered to be the primary control on fire in the region (1, 3, 4, 14, 19) . The processes by which concurrent climate and vegetation conditions support or suppress fire vary by scale. On seasonal-to-interannual time scales, field observations and satellite data have demonstrated the importance of temperature, the variability of precipitation, and drought in controlling patterns of burning (1, 3, 20) . Given sufficient vegetation productivity (21) , high temperatures and drought are consistently linked with greater area burned and with large fire years in the West (22, 23) . Fire activity in dry shrublands and grasslands is also strongly linked with antecedent precipitation that drives the development of fine fuels necessary for the spread of large fires in these ecosystems (24, 25) . High temperatures during the fire season promote fire-conducive weather and lightning ignitions, but temperature is also important in the spring and fall because it extends the fire season (1, 4) . In winter, high temperatures reduce snowpack, which affects soil (and fuel) moisture (1) . The effects of temperature on fire apply on centennial (4) and longer time scales (26) as well. In any given year, the spatial distributions of areas burned are highly irregular, although organized temporally by weather variations (27) .
Field observations and longer dendrochronological fire-scar records demonstrate the importance of El Niño Southern Oscillation (ENSO) on interannual climate variability (28), particularly in the southwestern United States (22) . ENSO creates a dipole pattern in the western United States characterized by opposing climate conditions in the northwest and the southwest. During La Niña events, ocean surface temperatures are cold in the eastern equatorial Pacific and the southwest tends to receive reduced precipitation and have abundant fires (29) ; the northwest tends to be wetter-than-normal and to have few fires (30) . During El Niño events climate and fire conditions are reversed from La Niña conditions (22) . La Niña conditions were a contributing factor to the large fires in Texas and Arizona this year (2011) in June, for example. Despite the prominence of this dipole pattern in discussions in the fire science literature, the most important mode of interannual variability of climate is a regionwide pattern of anomalies of similar (rather than opposing) sign for temperature and precipitation (31) , snowpack (32) , and the timing of snowmelt runoff (33) , as reflected by the first principal component of each dataset.
On decadal-to-centennial scales, fire patterns have been linked to slow changes in ocean/atmosphere patterns associated with low-frequency variations in sea surface temperatures (14, 23) . Most work has focused specifically on linking fire patterns to ocean/atmosphere dynamics associated with the Pacific Decadal Oscillation (34) and/or the Atlantic Multidecadal Oscillation (14) . Fire patterns during the 20th century for example show that large fire years are associated with a strong, persistent trough over the northeastern Pacific Ocean and an associated ridge over the West Coast, which leads to subsidence and thus dry conditions in all western U.S. forests (23) . Years with few fires are associated with a weakened Aleutian Low, high sea surface temperatures in the central North Pacific, a stronger-than-normal jet stream, and low geopotential heights that combine to produce wet conditions in the West (4).
Our knowledge of millennial-scale changes in fire activity comes primarily from sedimentary charcoal data, which shows the strong influence of annual temperature and summer drought (35, 36) . Vegetation productivity (37) and changes in forest composition and structure [e.g., related to succession (38, 39) ] are also an important control on fire regimes in many parts of the United States at centennial and millennial time scales. The magnitude of variation in climate and fire analyzed here are beyond the range of the instrumental and historical records of the 20th and 21st centuries, but they are still smaller in amplitude than those projected to occur over the next century.
Human impacts on forest fires in the western United States since Euro-American settlement are well documented and primarily resulted from altered ignition patterns associated with land and debris clearance, agriculture, fire suppression, and fire exclusion more broadly. Grazing and the introduction of nonnative species had major impacts on a host of ecological processes that affect fire, including forest composition and structure, nutrient cycling, soils, and hydrology. Many studies document such human impacts on fire at local scales (40) (41) (42) , but the scale of earlier impacts from indigenous burning are still debated [e.g., (43) ]. Temporal variability in indigenous fire impacts likely occurred across two spatial scales: locally within individual populations (i.e., within territories of indigenous cultural groups), and across larger areas related to longer-term cultural changes. There is good evidence for local effects on vegetation and fire history from fossil charcoal, pollen, and archaeological data (44) (45) (46) , but little evidence for widespread impacts, which we focus on here and index by regional population levels for lack of more nuanced synthetic or continuous data.
Our analyses provide convergent evidence from charcoal, historical, and tree-ring data for trends in fire activity during recent centuries; they also show that the variations in charcoal over the interval between 500 and 1800 CE (Common Era) are explained by variations in temperature and drought. We then use the charcoal data to characterize fire history for the past three millennia across the western United States The spatial scale of our study matches that of climatic and human impacts on fire today, and the long-term perspective allows us to study the response of fire regimes to a wide range of climate and human influences.
Sources of Fire-History Data and Their Treatment
Each type of fire-history data has unique strengths and weaknesses in terms of spatial and temporal coverage. Detailed estimates of recent fires, area and/or biomass burned are available from remote sensing and historical records (24, 47) , but these data span a few decades at most. Longer historical reconstructions inferred from documents, photographs, ethnographic records, or other archives tend to focus on the most destructive fires and rarely provide evidence of broad changes in fire regimes; an exception to this is the unique historical record created by the United States Department of Agriculture (USDA) Forest Service in order to estimate the extent, use, and destruction of original saw timber stand (i.e., trees older than 50 y in 1630 CE) across the United States through the period of historic settlement (48, 49) . The data include regional estimates of the original stand, amount cut, destruction and regrowth, and remainder. The data are provided by decade from 1630-1940 CE (Fig. 1, 48 ). We scale these estimates of widespread disturbance by the percent destruction in the western regions to obtain estimates of western U.S. fires over time. While the report's estimates are inevitably coarse, the level of detail available for selected years and areas suggests that substantial effort and care went into compiling the data. These early data can be supplemented and indirectly validated by examining stand-establishment data derived from forest inventories from the western United States (50) . Such data document the course of establishment and reforestation following the widespread disturbances associated with historic settlement.
Cross-dated fire-scar records provide a consistent long-term history of fire frequency over centuries, and in rare cases millennia (51) (52) (53) (54) . Fire-scar data however are only available in forests that do not typically experience stand-replacing fires (52). Stand-age data can be used to reconstruct fire history in such forests [e.g., (55) ], but stand-age data are temporally more limited because only the most recent fire can be dated at each site. The International Multiproxy Paleofire Database (IMPD*) contains annually-resolved fire scars from over 350 sites (Fig. 1 ). The number of sites recording fires varies from year to year in this dataset, so we calculated the proportion of recording sites with ≥1 and ≥2 scars for each year (Fig. 2B) . Changes in the proportion of sites with fire scars in a given year were summarized (see Methods, SI Text) to illustrate widespread trends in fire incidence (56) regardless of size or synchrony throughout the western United States.
Charcoal data are the most widespread proxy for fire occurrence and biomass burned on decadal-to-millennial time scales. Composites of multiple charcoal accumulation rate (influx) records have been shown to reflect coherent regional trends in biomass and area burned (37, 39) . We obtained 48 charcoal records from the Global Charcoal Database version 1 (57) plus 21 recently published records (Table S1 ). The 69 charcoal records ( Fig. 1 ) were converted to influx data and standardized using a protocol designed to facilitate intersite comparisons and synthesis (58) (Fig. 2C) . A subset of 41 high-resolution records were further analyzed by decomposing the charcoal data into "background" and "peak" or "fire-episode" time series (59). Peak time series were then composited into a region-wide summary of peak densities, reflecting broadscale changes in fire frequencies (Fig. 2D ).
The differences in historical, fire scar, and charcoal datasets make direct comparisons challenging (see SI Text), particularly at the local scale, where past analyses have produced mixed results [e.g., (35, 39, 54, 60) ]. At broad scales, however, the differences in fire-scar and charcoal data are an asset, allowing more spatially and temporally comprehensive reconstructions of fire history than is possible with either type of data alone.
Results and Discussion
Historical Evidence of Fire in the West. The western United States is comprised of four regions in the USDA historical dataset: the North and South Pacific and the North and South Rocky Mountains. The original (ca. 1700 CE) stand volume for these four regions together was estimated to be 2.24 × 10 9 board feet (bf, 1;000 bf ¼ 2.36 m 3 ), with about 73% in the north and 27% in the south. The "original" forest in the western United States accounted for about 18% (58.7 million hectares) of the total original U.S. forest area, whereas the remaining stand in 1940 accounted for about 66% of the total forested area in the United States.
Historical records of national timber resources document the increasing impacts on forests from Euro-American fuelwood use, lumbering, and land clearing across the country (Fig. S1 ). Fire use also increased ( Fig. 2A) . Information on regional differences in timber use and damage are not available, but the primary spatial pattern of Euro-American impacts on fire likely followed the westward expansion of the frontier from the Missouri River ca. 1830 to its final close by the early 1900s. The recovery or reforestation following the widespread disturbance of the 1800s can be seen in stand-age data from forest inventories from the western United States (Fig. S1 ). These data show a modal year of stand origin in the first decade of the 20th century, with half the stands originating between 1870 and 1950 CE.
Fire-Scar and Charcoal-Based Evidence of Fire in the West. All the firescar data and most of the charcoal data come from forested ecosystems ( Fig. 1A; Fig. S2 ). Fire-scar records (n ¼ 369 sites, >50;000 individual scars) are more evenly distributed between north and south than the charcoal data, but there are more (84); (B) The latitudinal distribution of dendrochronological sites recording fire scars for the past 1,000 y. A site is gray when it is recording fire, and a red tick mark indicates a fire scar (URL: http://www.ncdc.noaa.gov/paleo/ impd/paleofire.html); isolated gray tick marks at the beginning of each record indicate the beginnings of individual tree records. (C) Anomalies of charcoal influx over the past 1,000 y from 69 sites in the western United States arranged latitudinally from north (top) to south (bottom). Each row represents a study site. Blue dots indicate less burning than average; red dots indicate more burning than average. Spacing of the dots reflects the sampling resolution and sedimentation rate of the record.
*http://www.ncdc.noaa.gov/paleo/impd/.
fire-scar data from low-and midelevation xeric interior forests of the Rocky Mountains than in the higher elevations or more mesic forests, although some data do come from less xeric/midelevation forests; e.g., in Colorado (61) (Fig. 1A) . In addition, fires do not always leave scars, especially in forests with high fire frequencies and on young trees, so the fire-scar data likely underestimates true fire frequency (62) . General patterns in the fire-scar data however, should be robust. For example, it is clear that northern sites tend to burn less frequently than southern sites (Fig. 1C,  Fig. S2 ), and fires were more frequent from ca. 1600 to 1900 CE than after that interval. Specific years when widespread fires occurred are evident when the fire-scar records are not overlap- ping (Fig. S2) . Widespread fires are easier to identify in the northwest in part because there are fewer fires in general, but there also appears to be greater fire synchrony in the north than in the south in general. Widespread fires occur fairly regularly during the high fire period from 1600-1900 CE, but an increase in small fires is also evident from ca. 1850 through the early 1900s (most visible in central and northern records; Fig. S2 ). The most salient feature of the fire-scar data is the widespread, abrupt reduction in fires around 1900 CE. Charcoal data from the West are more prevalent in the north (where lakes are more common) than in the south (Fig. 1C) . Charcoal influx rates (CHAR) vary continuously during the past 1,000 y at most sites, although the nature of within-record variability differs from site to site. Some records show low CHAR for the past millennium followed by high CHAR during historic settlement, for example, whereas other records show high variability from decade to decade. In many records there is a tendency toward high CHAR between 1100-1200 CE, between 1800-1900 CE, and in the most recent samples. Low CHAR are common ca. 500 y ago, particularly in the north.
A temporal summary of the fire-scar data ( Fig. 2B; Figs . S3 and S4) shows that the proportion of sites recording scars increased from about 1400-1800 CE, with a broad maximum between 1800 and 1850. The earliest part of this trend (i.e., prior to ca. 1500 CE) is more uncertain than latter parts, however, because (i) fewer sites were recording fire activity early in the millennium, so the data reflect changes in burning at fewer than 40 locations, and (ii) the early increase in the proportion of sites recording scars may partly reflect an increasing number of trees susceptible to fire scarring at each site (63) . Comparison of analyses using either one or more or two or more scars to indicate fire years across the West as a whole, as well as for the north and south show that trends in fire activity summarized with this method are robust to alternative minimum scarring criteria (Fig. S4) .
Combining the 69 charcoal influx records ( Fig. 2C; Fig. 3 ) provides an indication of the trends and variability in biomass burning across the western United States during the past 3,000 y. Burning declined slightly over the past 3,000 y, with the lowest levels attained during the LIA, (ca. 1400-1700 CE/550-250 cal y BP) and in the 20th century. Peaks in burning occurred during the MCA ( ca. 950-1250 CE/1000-700 cal y BP) and during the 1800s CE (Fig. 3 ). There is a large and rapid shift from high burning in the 19th century to low burning in the 20th century that is comparable in magnitude to the decline in fire that occurred during the transition into the LIA.
Charcoal peak density shows distinct maxima similar to the composite charcoal influx record over the past 1,500 y ( Fig. 2 C  and D) . The sharpest maxima in peak frequency occur at the beginning of the MCA and LIA, and, as was the case for the other records, during the early 1800s; smaller maxima occur at the ends of the MCA and LIA. The association of peak density maxima with rapid or large warming or cooling events is consistent with that observed during deglaciation (64) , and during the last glacial interval (65) ; increased fire at these times would be supported by vegetation changes that increase fuels available for combustion (e.g., due to increased mortality).
Climatic and Human Influences on Fire in the West. Mean annual temperature (MAT) and summer drought (drought-area index, DAI) were summarized in a similar fashion to the charcoal data (see Methods) and also show a general downward trend, at least until the early 1800s (Fig. 2 A-D) . The long-term decline in fire is also evident for the 1,500 y prior to the beginning of the joint record at 500 CE (Fig. 3) . Superimposed on this trend are several large and generally parallel variations in biomass burning and fire frequency (i.e., "fire activity") during the past 2,000 y ( Fig. 2 C and D) . Fire activity was high at 1000, 1400, and 1800 CE, and low at 900, 1600, and 1900 CE. The rise in fire at 1000 CE occurred at the beginning of the MCA, when temperatures (MAT) and drought area (DAI) were both high. Biomass burning remained high for at least two centuries during the MCA (from 750 to 1000 cal y CE), whereas fire frequency declined at 1100 CE. Another increase in fire activity occurred at the beginning of the LIA around 1400 CE, when drought increased rapidly. Biomass burning reached its late Holocene minimum during the LIA, and fire-episode frequency was also low at this time, although it is presently lower. The decline in fire activity during the LIA occurred as drought declined and temperatures reached their 1,500-y minimum (Fig. 2 E and F) . Similar trends and centennial-scale variability in climate and fire until the 1800s suggests that baseline levels of fire activity in the West were predominantly controlled by climate.
High fire activity during the MCA has been documented by individual local studies based on both fire-scar and charcoal records [e.g., (54, 66) ], and our results indicate that such activity was widespread. Biomass burning was high throughout the MCA and peaked at 1200 CE during a period of severe drought; the level of burning then was similar to that reached about a century ago (during historic settlement). Fire frequency also reached a peak during the MCA at ca. 1000 CE, when both drought and temperatures were particularly high. Fire frequency in the West was higher at this time than at any other time in the past 1,000 y. Warm, dry conditions in the western United States during the MCA resulted from prevailing La Niña-like conditions in the tropical Pacific, which is consistent with both increased drought and high temperatures ( Fig. 2 E and F) (10, 67) . Biomass burning and fire frequency were also high during the transition into the LIA, during a prolonged period of severe drought (Fig. 2E) ; fire then declines to minimum levels at 1500 CE and ca. 1575 CE for fire frequency and biomass burning, respectively (Fig. 2 C and D) . The fire-scar record becomes dense enough to analyze during the LIA and indicates very low levels of fire activity then. Evidence from glacial advances in the Sierra Nevada range of California and the Cascade Range of the Pacific Northwest (68) suggest decreases in summer temperature during the LIA of ∼2°C in Sierra Nevada (69) . Native American populations also collapse after approximately 1;500 CE, which would have significantly reduced the impact from human-caused fires where they were important previously (Fig. 2G) . The combination of low values for drought, temperature, population, biomass burning, and fire frequency during the LIA suggest that multiple factors, including reduced vegetation productivity from lower temperatures, reduced fire-conducive weather (wetter conditions), and fewer human-caused fires to some extent, combined to reduce fire activity generally during the LIA.
The charcoal influx record over the past 3,000 y (Fig. 3) indicates that variations in biomass burning have been particularly large over the past 1,000 y. The negative excursions in biomass burning during the LIA and in the past century for example, are remarkable in the context of the past 3,000 y. In general however, large shifts in the magnitude and rate of burning have occurred throughout the past. For example, there is an abrupt decrease of charcoal influx around 2,000 y ago comparable to the first step in the decrease between the MCA and LIA, and there is a gradual increase commencing around 1300 CE that is analogous to that leading into the MCA. There are several features of the charcoal records that are not well explained by climate, for example the maximum in peak density around 800 CE, but overall, until the 1800s, increases in temperature and drought are coeval with increases in charcoal influx and peak density.
To further quantify the relationship between biomass burning and climate, we developed a statistical regression model (Generalized Additive Model or GAM; Fig. S3 ). The regression was fit using centennial changes in biomass burning from temperature and DAI from 500 to 1800 AD (i.e., from the beginning of the joint temperature and drought records to settlement). Climate explains most of the multidecadal to century-scale variations of biomass burning (R 2 ¼ 0.85; F ¼ 47.0; p < 0.001). Temperature alone can account for half of the total variance of biomass burning (R 2 ¼ 0.53; F ¼ 51.2; p < 0.001), while drought area can explain about one-third of the overall variance (R 2 ¼ 0.34; F ¼ 24.4; p < 0.001). The dashed black curve on Fig. 2C shows the fitted (to 1800 CE) and predicted (1800-2000 CE) values from the model (see also Fig. S5 ). The general features of the influx record are captured, including the upturn in influx at the end of the LIA, and a subsequent peak in biomass burning around 1800 CE. The observed and predicted influx curves diverge after 1800 CE, when the combined effects of landscape fragmentation and fire exclusion reduced biomass burning in the face of post-LIA and 20th century temperature increases. Because the model was fit only to data prior to 1800 CE, we checked whether the predictions over the past 200 y are extrapolations beyond the range of the calibration data (Fig. S6) . The values of the predictor (climate) variables fall outside the general envelope of climate values only after 1980 CE, so the divergence between observed and predicted charcoal influx beginning in the 1800s CE is most likely due to nonclimatic controls.
Prior to the 1800s and within the temporal and spatial scales of this study, human activity, expressed as population from the HYDE 3.1 database (Fig. 2G) , does not appear to influence either the charcoal influx or peak density variations. Population gradually increased (in contrast to biomass burning, which decreased) until after 1500 CE, when European contact resulted in an abrupt population decline owing to disruptions such as disease and warfare (70) . Although the low levels of biomass burning attained throughout the Americas during the LIA are often ascribed to contact (71, 72) , the general decline in biomass burning was underway before contact [e.g., (26) ], and seems largely accounted for by climate. The divergence between the observed and predicted (by climate) charcoal influx curves after 1800 CE is thus the main expression of human impacts on fire.
During the transition out of the LIA and into the Settlement Era, historical records, fire-scar, and charcoal data (both observed and predicted) track increasing temperatures and drought, showing a multicentury increase in forest fire activity from very low levels during the LIA to very high levels of burning between 1700 and 1900 CE (Fig. 2 A-D) .
The close association between observed and predicted biomass burning prior to the late 1800 s suggests that climate changes alone can explain the increase in fire activity between 1600 and 1800 CE. The more variable (25-year smoothed) biomass burning curve (Fig. 2C , thin gray line) however, shows that fire activity increased to very high levels in the 1800s despite an apparently earlier decline in observed and predicted biomass burning (Fig. 2C) . The peak in fire activity in the mid to late 1800s is undoubtedly due in part to increased human-caused burning, which reaches its maximum from 1850-1870 CE ( Fig. 2A) . Settlers arriving in the western United States at this time ignited many fires for clearing forest and brush, lumbering, railroad construction, agriculture, arson, etc. Road building and technological advances were also linked to increased anthropogenic burning (and erosion), such as with the development of steam power and railroads that created sparks leading to large numbers of wildfires until the early 1900s (when the railroads were required to start clearing woodlands within 100 feet of tracks to prevent fires). The introduction of the band saw in 1880 CE, and powerful logging machinery in 1890 CE, for example, also led to changes in harvesting that further altered forests and fuels as well as the locations of intentional and accidental fires. Increased anthropogenic burning in the west from 1850-1900 CE is widely recognized in dendrochronological studies (61), but increased variability in moisture availability associated with ENSO also contributed to increased burning then (74) .
Prior to the arrival of large numbers of Euro-Americans in the western United States, the fire-history records show a short-lived decline in fire in the 1810s CE. The annual fire-scar data indicate that this decline in burning was driven by very low fire activity in the years 1816 and 1818 CE; only 13 sites record scars in 1816 and 15 sites in 1818 compared with a century-long average of 36 sites. These results are consistent with the hypothesized effects of widespread cooling following the eruption of Mount Tambora in 1815 CE (75) .
Observed and predicted changes in biomass burning begin to diverge in the late 1800s creating a fire deficit that has been growing throughout the 20th century (Fig. 2C) . Predicted biomass burning generally rises from the late 1800s CE to present, consistent with increased temperature and drought trends. In contrast, observed biomass burning, as well as fire scars, charcoal-based fire frequencies, and human-caused fires decline rapidly. The minimum in burning during the 20th century is similar to the low fire activity levels that occurred during the LIA. Less than 10% of the original sawtimber stand remained at that point, mostly on the Pacific Coast (48), so while it is plausible that a reduction in forest cover contributed to reduced burning, this seems unlikely because timber extraction and destruction does not necessarily lessen wildfire risk, and in some cases increases it (76) .
Multiple factors combined to cause the 20th century fire decline (77), largely due to human activities but also due to ecological processes following the intensive fire activity in the 1800s. Grazing was perhaps the earliest primary cause of fire exclusion in the West. Hundreds of thousands of livestock were introduced to pine forests and grasslands in western states (40, 42) in the late 1800s. The widespread herds reduced grassy fuel loads, compacted soils, and sharply reduced fire frequencies. Road and trail building also created fire breaks that limited the natural spread of fires. Cultural changes were also taking place that may have reduced fire ignitions well before effective fire suppression in the 1940s. By 1900 CE, the western frontier had largely closed and several large catastrophic fires, such as the Peshtigo Fire in Wisconsin in 1871 that killed over one thousand people (78) were helping to change attitudes towards fire and fire policies. In 1891, the Forest Reserve Act was introduced that allowed the President to reserve forests from the public domain (79) , and in 1905 the U.S. Forest Service was established with a primary mission of suppressing all fires that occurred on reserved lands. Responsibility for fire management was transferred from the Army to the National Park Service when it was created in 1916, and full suppression remained the policy for the next five decades (with greatly increased efficiency in the 1940s) (79) . Natural ecosystem changes also likely contributed to decreased fire in the 1900s, however. Increased fire in the late 19th century, for example, resulted in young stands in subalpine forest that were less susceptible to fire in the early 20th century. A major increase in fire-resistant aspen stands due to 19th century fires also likely reduced biomass burning and fire frequencies.
In general, western U.S. forests were fundamentally changed in the 1800 and 1900s from previous centuries. The increased burning of the 1800s and the subsequent widespread exclusion of fire altered stand structure and composition, understory vegetation and fuel loads, and facilitated entry of nonnative species (76) . Coupled with timber extraction and land clearance, the consequences for western forests were dramatic.
The fire deficit identified here might appear to contrast with observations of recent increases in western U.S. fire activity (1) and also to the well established fire-climate interactions documented across the region (14) . These apparent differences can be reconciled by explicit consideration of the time scale of the variations. We show that mean or baseline levels of biomass burned and fire frequency decreased substantially during the past century compared with previous centuries; the recent increase in "fire activity" (i.e., large-wildfire occurrence) is therefore occurring during a period of unusually low levels of biomass burning. Furthermore, the increase observed since 1980 has a short duration compared with the longer decline in burning from the 19th to 20th centuries, or increases at the beginning of the MCA or following the LIA. Similarly, the associations between large fire occurrence, fire frequency, and climate that are well documented in literature on western U.S. fire regimes (61, 80) are also dependent on scale and fire-regime dimension; interannual and even multidecadal fire synchrony for example, may have been as strong in the past as they are today with no "decoupling" of fire and climate on these time scales. During the past two centuries, however, centennial-scale changes in biomass burned and fire frequency however, are decoupled from climate due to the strong human influences on forests and fires.
Although the changes in fire described here were undoubtedly widespread, our results do not address several important aspects of fire history of the western United States. First, the trends do not reflect subregional patterns of burning or changes in burning in grasslands and shrublands. A good example is the increase in area burned in California during the 20th century. Area burned has expanded consistently during the past 100 y as a result of increasing population growth and drought (81, 82) , however this pattern is not reflected in the composite curve due to a lack of paleofire data from that state. Second, differences in interannual to decadal-scale variations in burning such as those due to ENSO are also not reflected in our data. Third, the recent increases in large wildfires across western states also do not appear in the composite tree-ring or charcoal summaries, most likely because their occurrence is too recent to be incorporated into most sediments or fire-scar records. However, increases in fire are evident in individual charcoal records, particularly from the northern forests (Fig. 1) .
Conclusions
Biomass burning in the western United States has remained in dynamic equilibrium with climate at least since 500 CE to the 1800s CE. Burning generally increased when temperatures and drought area increased, and decreased when temperatures and drought declined. The onset of persistent century-scale climate anomalies like the MCA and LIA are marked by peaks in fireepisode frequency and gradually increasing biomass burning levels during warm intervals and generally decreasing levels during cool intervals; this is consistent with observations on longer time scales that abrupt climate changes, toward either warmer or cooler conditions are marked by peaks in biomass burning (although peaks are larger when the shift is toward warmer conditions).
Against the backdrop of climatic and ecological processes, human activities had a marked impact on biomass burning after the late 1800s. Our synthesis distills the dominant patterns in human impacts, but it does not reveal the large spatial differences in fire controls and effects, such as those that vary with vegetation type and elevation gradients, that are necessary to inform management and restoration efforts (8) , which, if applied uncritically, can result in collateral damage (83) . The data do suggest however that even modest increases in temperature and drought (relative to those being projected for the 21st century) are able to perturb the level of biomass burning as much as large-scale industrialized human impacts on fire.
More dramatic increases in temperature or drought are likely to produce a response in fire regimes that are beyond those observed during the past 3,000 y. Since the mid 1800s, the trend in fire activity has strongly diverged from the trend predicted by climate alone and current levels of fire activity are clearly out of equilibrium with contemporary climate conditions. The divergence in fire and climate since the mid 1800s CE has created a fire deficit in the West that is jointly attributable to human activities and climate change and unsustainable given the current trajectory of climate change.
Based on the fire data alone, the levels of burning during the 19th and 20th centuries are not anomalous; there were times (i.e., the LIA) when fire was as low as it has been over much of the 20th century, and times when it was as high as during the 1800s, as around 50 to 1 BCE. When climate is considered however, the past approximately 150 y (i.e., back to 1850) are remarkably anomalous. Although the current rate of biomass burning is not unusual (even allowing for post-1980 CE increases in burning such as in ref. 3) , it is clearly out of equilibrium with the current climate. Our long-term perspective shows that the magnitude of the 20th century fire decline, while large, was matched by "natural" fire reduction during cold, moist intervals in the past (e.g., LIA). Current fire exclusion and suppression however, is taking place under conditions that are warmer and drier than those that occurred during the MCA, which calls into question their long-term efficacy.
Finally, the historical, dendrochronological and charcoal records are in accordance when examined from similar temporal and spatial perspectives. The different records each provide unique information on particular scales of variation and their causal mechanisms. Given the size of the current fire deficit and its potential to grow in the future, the unique perspectives provided by each data source will be necessary for projecting the response of fire in the western United States to both ongoing and future climate changes.
Methods
We used historical, fire-scar, and charcoal data to construct three independent records of millennial-and centennial-scale trends in fire occurrence across the entire west. Historical data were obtained from Reynolds and Pierson (48) , and from Littell, et al. (3) . All fire-scar data available in the IMPD † were used but only injuries to the trees defined by the data contributor as a fire scar were used in the analysis. We calculated the proportion of recording sites with scars each year, and summarized them using a locally fitted binomial logit model with bootstrap confidence intervals.
Charcoal data were obtained from the Global Charcoal Database [GCD version 1 (57)] and authors (Table S1 ). Age estimates for data in the GCD were taken as-is and were not modified or improved. For charcoal analyses, concentration data (particles cm −3 ) were converted to influx values (particles cm −2 y −1 ) and were then standardized using methods described in detail in Power, et al. (58) . The transformed and standardized influx data were summarized (Fig. 2C ) using locally weighted regression (lowess). Bootstrap confidence intervals were calculated by resampling (with replacement, 1,000 replications) the charcoal data by site (as opposed to by sample) in order to illustrate the uncertainty of the smoothed values to the particular distribution of sites in the dataset.
A subset of high-resolution records were analyzed using CharAnalysis (59), which separates peaks from background charcoal (SI Text). The binary peak (or fire-event series were summarized using a kernel density estimator (Fig. 2D) , and again bootstrap confidence intervals were calculated by resampling by site (SI Text).
Temperature data were obtained from Mann, et al. (10) (Fig. 2E) . The temperature time series, expressed as anomalies from a 1960-1990 CE long-term mean, was smoothed using the same approach taken with the charcoal data (i.e., lowess smoothing based on a 100-y window width), and bootstrap confidence intervals were calculated in a similar fashion, by resampling the individual grid-cell time series. The drought reconstruction (Fig. 2F) uses data from Cook, et al. (9) to calculate a region-wide DAI [i.e., the proportion of grid cells with PDSI (Palmer Drought-Severity Index) values less than −1.0]. The DAI data were also smoothed using the same approach as the charcoal data, with a 100-y smoothing window width. Population estimates for the western United States were derived from the HYDE 3.1 dataset (11) (Fig. 2G) . Population time series were generated by aerially averaging gridded HYDE data for the western US. (Fig. S1, 1) . The whole-U.S. estimates suggest that about 60% of the original sawtimber stand at 1700 was destroyed by either natural or human causes and 40% was used. Of the 40% used, about half was for fuelwood. The trends in use and destruction, which are for the United States as a whole, indicate that farm clearing accelerated earliest, but occurred primarily in the East (2). Extraction of wood for lumber and fuelwood was more important in the West, and both accelerated rapidly in the 1800s. Fuelwood use peaked around 1875 CE, where lumber extraction continued to rise rapidly until the early 1900s, after which it declined rapidly.
Estimates of billions of board feet (bf) destroyed by fire were provided for the United States as a whole. In order to obtain an estimate of fire destruction solely for the western United States, we scaled the national data by a factor of 0.14 based on the proportion of the original stand estimates assigned to the western subregions, which were comprised of the North and South Pacific and Northern and Southern Rocky Mountains. A simple rescaling of the burned timber based on the proportion of bf in western vs. eastern regions does not take important factors such as area burned into account (e.g., in terms of stand acreage, 18% was assigned to the west vs. 82% to the east), however our focus here on temporal trends in burning should not be strongly affected by scaling factors (Fig. S1) .
We also digitized stand-origin age data from Hicke et al. (3) to validate the Reynolds and Pierson historical data. These data were derived from forest-inventory databases for the western United States and include information on the age of the inventoried forest stands. These stand-origin ages illustrate the pulse of regeneration accompanying the forest loss reported by Reynolds and Pierson (Fig. S1, green curve) .
Compositing, smoothing and bootstrapping the tree-ring fire-scar, charcoal influx and charcoal-peak/fire-episode data. Because our objective is to focus on region-wide, multi-decadal-to-century time scale variations in fire, we adopted a data-analytical approach that involved the construction of smooth composite curves based on the individual datasets described below. The construction of composite curves allows the common underlying variation among individual records to emerge in the composite. If there were no underlying common variation, then the variation in the individual records would "wash out" in the composite, leaving no clear long-term trend. Conversely, if there is some common pattern of temporal variation in the data, the individual records will reinforce one another, and that pattern will emerge in the composite. Because we are focusing on decadal and longer time-scale variations, temporally smoothing the data is also appropriate. In the approach we implement here, we adopted the locally weighted regression approach, as described by Cleveland (32) and Loader (7), using an appropriate model-fitting procedure for each dataset. This approach simultaneously composites the data from individual records and smooths them.
Because the data points are irregularly distributed around the region, an obvious question can be asked about the potential for individual records or groups of records to disproportionately dominate the composite. To examine the impact of individual records (in the case of the fire-scar, charcoal-influx, and charcoal-peak/fire-episode data), or individual grid points (in the case of the temperature and DAI data) we adopted a bootstrappingby-site (as opposed to bootstrapping-by-samples) with replacement approach. The width of the bootstrap 0.05 and 0.95 confidence intervals constructed using 1,000 replications of sampling with replacement, provides a visual assessment of the impact of individual records on the composite curve. Marlon et al. (31) discuss further the general smoothing and bootstrapping approaches used here, and compare the local regression approach with alternatives such as smoothing splines.
To permit comparisons among the resulting composite curves, we obtained fitted values at even 10-year "target points." The selection of this particular interval is not intended as a statement of our belief in the underlying temporal resolution of the individual records, but instead as a practical step in the comparison of the individual composite curves.
Tree-ring fire-scar data. Fire-scar data are from the International Multiproxy Paleofire Database (URL: http://www.ncdc.noaa.gov/ paleo/impd/paleofire.html). The dataset includes 1.37 million recording tree rings, which contain 52,667 individual scars, of which 50,456 (96%) were identified in particular as fire scars. These data are shown plotted in latitudinal order in Fig. S2 , where each row represents a site, with a tick mark plotted each year, in red if any trees were noted as having been scarred in a particular year, and in gray otherwise. Because the number of sites recording fire activity varies over time, the proportion of sites recording fire during each year (Fig. S3 ) was calculated to serve as a proxy of changes in fire frequency through time for the entire region. The plots show that the fire-scar data becomes sparser going back in time, particularly prior to 1500 CE. The scatter plot of proportion of recording sites with scars by year shows distinct patterns prior to this time, related to the small number of sites in the dataset.
Because the probability of a tree recording a fire greatly increases after its initial fire-scar event (becoming a "recorder tree"), an increase in time alone may lead to an increasing number of recording trees, and that in turn increases the likelihood that any given fire will be recorded (4). Analysis of sampling methods and fire-scar accumulation curves by dendrochronologists, however, shows that there is a threshold of trees (e.g., n ¼ 50) beyond which results are robust with respect to additional sampling (5) . Fires in the IMDP dataset were identified by individual scars at each site, but in the absence of additional detailed analyses of the sampling methods at each site, we rely on evidence that the accumulation of fire scars from spatial networks of tree-ring records provides a reasonable proxy for region-wide fire history [e.g., (6) ].
The proportion of sites recording fires was summarized using a local regression (logit) model [locfit, (7)]. We used the binomial local likelihood family (appropriate for data that are proportions), the tricube weight function, and nearest-neighbor fractions of 0.1 and 0.25. To determine the range of years over which the local regression provides an adequate summary of the data, we performed the standard diagnostic analyses of residuals, which confirmed that 1500 CE was an appropriate cutoff for plotting and examining the summary.
In order to ensure that our summary of the tree-ring data is robust, we compared local regression models of the IMPD dataset using both one or more and two or more scars as criteria. We did this for the region as a whole (Fig. S4, top box) and for the north (Fig. S4 middle box) and the south (Fig. S4 bottom box) . Using two or more scars slightly reduces the overall proportion of sites recording a fire, but all three summaries yield similar patterns and demonstrate that the trends (including a dip in fire activity ca. 1815) are robust. We also compared analyses based on all injuries vs. only those injuries identified as fire scars, and the results were nearly indistinguishable.
Examination of individual fire-scar and charcoal records reveals the spatial and temporal heterogeneity in the data as well as the key differences between the two types of records (Fig. 1) . For example, the fire-scar records highlight increased fire frequencies at southern vs. northern sites (Fig. 1C) , whereas regular sampling of the continuously varying charcoal accumulations highlights the dynamic nature of fire on centennial to millennial scales (Fig. 2C) . The fire-scar data indicate how synchrony in fire regimes can occur across wide areas in specific years (Fig. S2) , but even then not all sites will burn. Similarly, charcoal records indicate that peaks and troughs in biomass burning at the regional scale (Fig. 2D) are not supported by similar trends at all sites (Fig. 1B) , but rather indicate intervals when many sites show similar patterns.
Our analysis of fire scars (Fig. S2) did not address synchroneity among episodes of burning, which may be caused by climate patterns that promote multiple large fires. Patterns of synchrony do not necessarily correspond with overall fire activity. For example, some studies have shown that fires were larger and regionally more synchronous apparently due to fuel build-up during cold decades, when fire frequency is reduced (8, 9) . Other studies, however, have indicated that increased synchrony occurs under increased drought (10) . Regardless of the occurrence of regionally synchronous fire years underlying the fire records, the trends in overall rates of burning from both fire-scar and charcoal data show decadal-tocentennial trends that are consistent with climate reconstructions.
Charcoal influx data. Each of the 69 charcoal records was transformed and standardized using a protocol detailed in Power et al. (11) before compositing into a regional charcoal-based index of biomass burning. The transformation, standardization, and summarization methods are designed to highlight the long-term trends in the charcoal data that are characteristic of multiple records. Data were smoothed using local regression using the tricube weight function with 25-and 100-year window (half) widths. Confidence intervals for each composite curve were generated by a bootstrap resampling (with replacement) of individual sites (not samples) over 1,000 replications. Bootstrap confidence intervals for each target point were taken as the 5th and 95th percentiles of the 1,000 fitted values for each target point. This bootstrapping strategy reveals the uncertainty in the smoothed (fitted) values related to the inclusion or not of individual recording sites, and provides a way of gauging the robustness of the fitted curve to the particular distribution of sites in the dataset.
Charcoal decomposition. Charcoal records with data for at least the past 200 y (i.e., with intact core tops) and with at least 17 samples per 1,000 y were selected for further processing to identify individual fire episodes (i.e., one fire event or a series of individual fire events that occurred over several years). Forty-one records met these criteria (Table S1 ). The selected records were analyzed with CharAnalysis (12) . All records were interpolated to their median sample resolution and were not transformed prior to decomposition. Low-frequency (background) charcoal accumulation rates (CHAR) were estimated using a lowess smoother robust to outliers. The background smoothing window-widths were determined by testing alternative window widths and comparing their sensitivity analysis results produced by CharAnalysis. Smoothing window widths that produced a high signal-to-noise index and a high goodness-of-fit index for the noise distribution were selected individually for each record. High-frequency CHAR was calculated using the ratio of interpolated to background CHAR. Threshold values for peak identification were locally defined and based on a percentile cutoff of a noise distribution determined by a Gaussian mixture model. The selection of final peaks were based on those in the 99th percentile of the noise distribution.
Charcoal peak/fire episode frequency. The time series of charcoal peaks were summarized using a kernel-density estimator (13) , with bandwidths (25 and 50 y) selected to be comparable with the window widths used for summarizing the other data. We used the same bootstrapping strategy as for the charcoal influx data. Units of the peak-density curve are number of peaks per year per record.
Differences between fire-scar and charcoal data. Fire-scar and charcoal records are complementary across forest types and fire regimes, but also with regard to temporal coverage (4). Fire-scar records generally span centuries and are annually resolved, but the records "fade" before 1500 CE, whereas charcoal records span millennia and integrate information about fire occurrence over years, decades, or centuries, depending on the rate of sedimentation in the record. In addition, charcoal records contain noise relating to taphonomic and site-specific processes that can make identification of biomass burning trends at a single site problematic.
Fire-scar and charcoal records differ in several important respects, however, including their distribution across forest types, registration of fire events, temporal length, and temporal resolution ( Fig. 1 B and C) . Fire-scar records are most prevalent in areas with low effective moisture, such as in dry ponderosa pine forests, because the typically low fuel loads promote low intensity burns that frequently scar trees [e.g., (14-16)] but produce low amounts of charcoal that are difficult to detect in the lake-sediment record. In contrast, charcoal records from forests with high effective moisture, such as mixed conifer or subalpine fir forests, are often better resolved because such forests are typically characterized by complex vegetation structures and abundant, continuous fuels that support infrequent, high-severity fires. Ample charcoal is produced during such forest fires, which is incorporated into sediments during and after the fire (17) (18) (19) (20) .
Lake-sediment records of charcoal are restricted to regions with lakes, and in particular those with continuous deposition of a sufficient rate to ideally provide decadal sampling resolutions. Because local changes that affect vegetation, lake characteristics, erosion patterns, or topography can alter trends in charcoal accumulation, absolute trends in background charcoal at a single lake do not necessarily reflect changes in the local fire regime. By analyzing trends at multiple sites, however, shared characteristics of macroscopic charcoal accumulation rates (CHAR, or charcoal influx) can be used to infer regional-scale changes in fire activity (21, 22) . In western forests, where there has been little apparent change in vegetation composition over the last 2,000 y, there is increasing evidence that trends in charcoal influx from nearby sites are correlated with area burned over time (23, 24) . When sedimentation rates are high enough (ideally >1 mm∕y) and sediment records are sampled continuously, discrete pulses of charcoal can be distinguished from background charcoal variations and used to infer changes in the frequency of fires (12, 25) .
Multiple fire-scar and charcoal records thus jointly provide information about widespread variations in fire frequency and biomass burning (10, 26) . Although charcoal records are less temporally and spatially precise than fire-scar records, charcoal data can provide a continuous record of burning over millennia. The long-term context provided by such data is especially relevant in light of the magnitude of projected climate changes, which exceed those experienced in recent millennia.
Climate data and treatment. Temperature data were obtained from Mann et al. (27) (Fig. 2E) . The temperature time series were expressed as anomalies from a 1960-1990 CE long-term mean. The drought reconstruction (Fig. 2F ) uses updated data from Cook et al. (28) to calculate a region-wide drought-area index (i.e., the proportion of grid cells with Palmer Drought-Severity Index [PDSI] values less than −1.0). Both series were smoothed using the same approach taken with the charcoal data (i.e., lowess smoothing based on a 100-y window width), and bootstrap confidence intervals were also calculated in a similar fashion, by resampling the individual grid-cell time series, as opposed to individual data values. As is the case for the charcoal data, this approach allows the influence of individual grid points or groups of them on the composite curve to be assessed.
Relationship between biomass burning (charcoal influx) and climate.
We used a generalized additive model [Generalized Additive Model (GAM), (29, 30) ] to describe the dependence of biomass burning on climate, as represented by the summary curves for charcoal influx, mean annual temperature anomalies [(MAT), (27) ] and drought-area index (DAI, 28). We selected this particular modeling framework because it permits the development and display of a smooth function that links a particular response (here, charcoal influx) to a small number of predictor variables (e.g., MATand DAI). In fitting GAM "surfaces," there is a tradeoff between the smoothness of the surface and its fit to individual data points, but this can be controlled by constraining the smoothness of the fitted surface. The summary curves were evaluated at 10-year intervals, and the time span of data used to calibrate the model was 500-1800 CE, thereby avoiding the confounding effects of settlement and fire suppression.
We used the R package mgcv (29) to fit surfaces to the charcoal and climate data using the tensor-product smoother with thin-plate regression splines because the climate data have different units of measurement, and we suspected that the resulting surfaces would be anisotropic (see ref. 29 ch. 5 for a discussion of the practical considerations of GAM fitting). MATand DAI are also correlated (a situation known as "concurvity" in the GAM literature, r ¼ 0.62 for data from 500 to 1800 CE). Although concurvity did not create any noticeable numerical problems here, it did lead to the possibility of identifying multiple models with roughly the same goodness-of-fit, and so we examined a variety of models that included one or the other of the climate variables, as well as interactions between the two. To understand the trade-off between goodness-of-fit and the complexity of the model, we examined the shape of the fitted surface and summary statistics such as the adjusted R 2 and Akaike Information Criterion values for individual models, as well as F-statistics for analysis-of-variance comparisons of a particular model with a "null" model consisting of only the mean value of the charcoal data.
The fitted response surface (Fig. S5) shows a general increase in predicted z-scores of transformed charcoal influx with increasing MATand DAI, a relationship that is also evident in time series plots of the data (Fig. 2) . The model (with equivalent degrees of freedom of 4, 2, and 9 for the MAT, DAI, and interaction terms, respectively) fits the data well (R 2 ¼ 0.85; F ¼ 43.0; p < 0.000), and the residuals to not have any striking features. The surface is relatively smooth, with a slight concavity centered around values of MAT ¼ 0.5 and DAI ¼ 0.35, values that mainly occur between 600 and 800 CE. This feature could be removed by increasing the smoothness of the interaction term, but we elected to keep it in to increase the generality of the fitted surface.
The composite curves used in fitting the GAMs here are quite smooth [i.e., the charcoal, temperature, and drought area series were smoothed using local regression using the tricube weight function with a 100-year window (half) width], which raises the possibility of observing spurious correlation among them, or obtaining inflated estimates of the goodness-of-fit. To examine the impact of pseudoreplication, we refit the model to the composite-curve values sampled at 40-year intervals, the practical upper limit of sample time step for fitting the model (Fig. S6) . The model fits the subset data about as well as the 10-year time step data (R 2 ¼ 0.81; F ¼ 10.22; p < 0.000), and captures all of the important features in the predicted charcoal influx series, including the divergence between predicted and observed values after the late 1800s.
A key feature of predictions by the model after the calibration interval end (1800 CE) is the divergence between the decreasing charcoal influx values and the increasing predicted values, beginning in the late 1800s ( Fig. 2C; Fig. S7 bottom) . To visually assess the extent to which these diverging predictions represented "outof-sample" extrapolations, we examined the scatter plot of MAT and DAI values (Fig. S7, top) . This plot suggests that only the 1990 and 2000 CE values of MAT lie substantially outside of the main cloud of points, and that the predicted values for these times represent at most mild extrapolations. Fig. S4 . Comparison of fire history reconstructions from the IMPD fire-scar dataset since 1200 CE using ≥1 (top set of curves in each box) and ≥2 (bottom set of curves in each box) scars to fit a local regression model using a bandwidth of 10 (black line) and 25 (thick red line) years for (i) the western United States as a whole; (ii) only sites north of 42°N; and (iii) only sites south of 42°N. Thin red lines are 95% confidence limits. 
